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~"A low-energy.electron-diffraction intensity analysis of a clean NiAI( IllI surface reveals a struc-___ ' i
ture that is essentially bulklike, but with a slight bucklg of the first atomic layer. The plane of the U W, L
Al atoms is moved outwards to a position 0. 060.03 from the plane of the Ni atoms, which is in l W 0

0turn very slightly shifted inward (0.01±0 03 A)toward the second atowic layer. Second and deeperG6 
C~J interlayer spacings are expected to be equal to the bulk value (2.055 A). The rfactor values for both II z

normal (0.13) and oblique (0.16) incidence correspond to a very good fit of theory to experiment.

.0 0

I INTRODUCTION such choice exists for the Ill} termination because all
I 111 planes (one of which is indicated with thick lines in

There is increasing interest, of late, in the atomic struc- Fig. 1) are equal to one another, with the stoichiometric
ture of surfaces of metallic alloys, in part because very lit- composition of three Ni and one Al atoms. The structure
tie is known about this subject and in part because one was determined by means of a LEED intensity analysis
wishes to establish to what extent the phenomenon of assisted by Auger-electron spectroscopy (AES) as
multilayer relaxation, discovered by low-energy electron described below. We discuss the experiment in Sec. II, the
diffraction (LEED) on the surfaces of pure metals, ' analysis and the results in Sec. 11, and the conclusion in
occurs on surfaces of metallic alloys. In addition, alloys Sec. IV.
and compounds have an extra degree of freedom in that
the surface layers can buckle, i.e., a different relaxation of I. EXPERIMENT
the sublattices can occur. In general, studies of alloys are
more difficult than those of pire metals for several The I 111 sample used in the present study came from

reasons, among them: f(1) single crystals of alloys are not the same ingot that provided the 1001 sample analyzed

easily available in convenient sizes (at least a few millime- in paper I. A larger grain was identified in the ingot by
ters across), (2) of those crystals that are available only a
limited number have small, and hence easily treatable,
unit cells, (3) alloys have relatively more phases as a func-
tion of temperature than pure metals, and (4) the presence
of more than one atom in the unit cell complicates the
structure determination; in the case of LEED, this fact
lengthens the required computer calculations, often con-
siderably. To date, only the structures of three alloy sur-
faces have been studied by quantitative LEED intensity
analysis and reported in the literature [Ni3AI{001,20
NiAI) 1110} 3, and a-CuAlI 111 with bulk Al concentra- 0 :
tion of 16 at. % (Refs. 4 and 5)], but others are in pro-
gress, both by quan';tative LEED [Ni3AII 110) (Ref. 6),
Cu3Au 10011 and 1lll (Ref. 6), Pt 3Ti{0011 (Ref. 7), ---- --
and Pt 1Nit) {Ill) (Ref. 8)], qualitative LEED [Ni 3Ir
1001l, 1111, and I1101 (Ref. 9)], and medium-energy 0
ion scattering [NiAI{ 1101 (Ref. 10)].

The present report concerns the atomic structure of a
Ill surface of Ni 3AI, an ordered alloy with the bulk

structure of Cu 3Au (Fig. 1). The structure of a f0011 sur-
face of Ni3Al was studied by LEED intensity analysis and
reported by us in the literature recently.2 We will refer to
that report as paper 1. There are two possible 10011 ter- Ni otoms Al oloms
minations but the analysis described in paper I shows that
only one Mccir- ill nractice, with 50% Ni-50% Al corn- FIG. 1. Schematic view of the unit cell of NiAl. A I I I
position in the first and 100% Ni in the second layer. No plane is outlined with thk lines.
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etching the surface with dilute HNO3. Because of its the 10011 surface and has the same explanation. Since
small dimensions (final size 2X2 mm2 ) and for ease of aluminum is preferentially sputtered, the surface composi-
handling, the grain was left imbedded in the ingot's poly- tion after one hour of Ar bombardment is about the same
crystalline matrix and was oriented within a few degrees on ll1 as on 100 1. Upon heating, Al diffuses to the
of IllI by means of Laue diffraction patterns. It was surface until it reaches an equilibrium concentration
then spark-erosion cut to expose the largest possible I 111 (which now, after determination of the surface structure,
surface and carefully reoriented and sanded with fine em- we know to be bulklike). We note that the equilibrium
ery paper to achieve the I111 orientation within ±0.5. value of RA on 111 (0.7) is smaller than that achieved
The surface was then lapped with a sequence of finer and on 1001 J (0.95), an indication that the concentration of A]
finer alumina pastes and finally polished with 0.03-#tm is less on I I Il than on 1001 }, as confirmed quantitative-
alumina slurry." No further treatment of the surface was ly by the LEED analysis. Temperatures higher than
applied prior to introduction into the vacuum system oth- 750°C cause further segregation of Al on the surface but
er than standard washing and degreasing. The sample this condition is not stable at lower temperatures and
was wrapped in 0.05-mm-thick Ta foil with the I l l upon cooling the excess Al diffuses back into the bulk un-
surface exposed. In the vacuum system, heating of the til the equilibrium (bulklike) composition is achieved.
sample was accomplished by electron bombardment of the This surface composition is stable between room tempera-
Ta foil to the back of the sample. After attainment of ture and 750°C. It is this surface that was subjected to
base pressure ( < I X 10- 10 torr) the I I I Il surface was the LEED study.
cleaned with a series of cycles of Ar-ion sputtering treat- The LEED pattern was sharp and with low back-
ments at room temperature for one hour followed hy one- giuund. Intensity data wcrc collected with the computer-
hour anneals at 800-850"C. Twenty-five cycles were
needed to reduce surface impurities (sulfur, carbon, and
oxygen) to trace levels, as detected by AES.

Surface composition was also monitored by AES during TABLE I. Beam indices, r (reliability) factors, and energy
and after the annealing treatments. In Fig. 2 we plot the ranges for Ni3AI) Ill I at normal incidence. V0 = 12 eV.
ratio RA [=l(A168ev)/l(Ni 6 ev)I between the intensity of Beam r factor AE
the Al AES line at 68 eV and the intensity of the Ni AES
line at 61 eV. These intensities were measured as dis- 10 0.0802 169

cussed in paper I (footnote 2). We see in Fig. 2 that im- TI 0.1487 169

mediately after Ar bombardment R A was about 0.6, just OT 0.0811 169

as on the 1001 surface. After 10-min anneals at the tem- TO 0.0510 169
peratures indicated in the figure, RA increased monotoni- 1! 0.0638 16Q
cally and reached a plateau at about 700"C. For tempera- 20 0.0923 132
tures higher than 750°C, the value of RA increased again 22 0.0931 132
but slow cooling of the sample caused RA to decrease,
receding approximately to the plateau value (0.7) at room 20 0.1219 134
temperature. This behavior is similar to that observed on 12 0.1010 133

02 0.1286 138 -

21 0.0634 152
2T 0.0690 149

0.8 , T 0.1415 152
Ni 3 AI {111} 12 0.1214 152

-f 0.2092 66
,,, 32 0.22Qi 66

O. 21 0.1854 102
- 0.7 - 23 0.1983 102

O 12 0.1449 102
T2 0.1541 102
3T 0.2800 90
13 0.1986 102Cr
22 0.2569 62

0.6- 24 0.2264 62

30 0.1881 57
200 400 600 800 33 0.1388 57

TEMPERATURE (C) 30 0.1855 52
FIG. 2. Dependence of the ratio RA between the AES fir of 30 0.1352 57

Al at 68 eV and the AES line of Ni at 61 eV upon thermal treat- O3 0 0604 57
. : ,,II I 1 surfiwc after Ar-ion bombardment. [he

crosses represent 10-min anneals at the corresponding tempera- Mean 0.1283 3255
tures. == :
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TA BLE 11. Beam indices, r (reliability) factors and energy . . . . . . . . I . . . I
rangesforNi3Al~llI at0=15,O=-6Wt. Vo=12eV. N,A {m} 80

Beam r factor AE

00 0.0955 169

10 0.1649 92

OT 0.2093 92 8 O ,.,.,

TO 0.1215 169 T ,._
01 0.1027 169 D
Ti 0.1470 169

11 0.1020 81
TT 0.0823 82 o 0051 T xo

02 0.2209 142 1 i E

20 0.1560 144 >006

T2 0.1125 128 n Theorz
21 0.0888 169 uW

22 0.1663 52 20 Expt

30 0.3181 82 22 Expt.
03 0.3831 72 0092

31 0.0537 131 Theo 0.093

41 0.5674 87

42 0.2124 122 I tIi 11111iI I{I

53 0.1477 72 40 60 80 100 120 140 160 180
ENERGY (eV)

Mean 0.1649 2225

FIG. 3. Examples of very good agreement between theory
and experiment. The numbers over each experimental curve are
r-factor values.

controlled television-camera system described elsewhere. 12 1 F _TsF-_ T I I -

The analysis was done with 29 degenerate (10 nondegen- NA1 Alt1A 8-5*O= =-600

erate) spectra at normal incidence, and 19 degenerate (13 00EP. 0096
nondegenerate) spectra at 0 = 15, 0 = -60". For the deft- The--

nitions of 0 and d', see, e.g., Ref. 13. The data were nor- i
malized to constant incident current, the energy values
were corrected for the contact-potential difference (3.2 eV) .
between sample and cathode of the electron gun, and the
intensities were corrected for background. i: E..0.22

II1. ANALYSIS

The calculations of LEED intensities were done with >

the CHANGE program described elsewhere' 4 and with -
values of the nonstructural parameters similar to those 

_

discussed in paper I [ V 0= -( 12 + 3.5i) eV, 6 phase shifts, Z
55 beams]. The first calculations, done for a bulklike 11EKPt 0147

model of the surface structure (see the thick outline in
Fig. 1), produced substantial agreement with the normal- Theo-
incidence experimental data, so that only one further
model was tested: a model involving a Ni overlayer 40 60 80 100 120 140 160 18o

which, however, worsened the fit to experiment consider- ENERGY (eV)
ably. The refinemcnt of the hulk.ike model was started by
varying the first interlayer spacing d12 by ±0. 1 A about
the bulk value (2.055 A), the three Ni and one Al atoms in FIG. 4. Examples of good to mediocre agreement between
the first layer remaining coplanar. The fit to experiment theory and experiment. The numbers over each experimental
(normal incidence) was evaluated both visually and with curve are r-factor values.
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N-3 AI 111 /8,15 4:{60O}

0Ni AlI d - 2 o45 A

F Theor. 0 0

0 0 0
< FIG. 6. Schematic side view of the Ni3A111l structure.

The Al atoms are 0.06 A above the Ni atoms in the first layer.
42 Expt. 0212

Seor. model described above for 0=15, 4=-60, and the
- minimum in r factor was confirmed for the same parame-

ter values determined by the normal-incidence analysis.
Z To test the possibility of (small) errors in the angle of in-
Hw cidence, calculations were also made for 0= 13' and 17
z 0.318 but the experimental value of 0= 15* was confirmed as

30 Expt. that providing the lowest value of the r factor.
Tables I and 1I present the final results for the data at

normal incidence and at 0=15% 0=-6(0 respectively.
03 Expt The tables list the beam indices and the corresponding

values of the r factor and the energy interval AE covered
by the corresponding LEED spectrum. We see that the

Theor mean r factor is 0.128 over a total AE=3255 eV for the

SI I I I set at 0=0, and 0.165 over a total AE=2225 eV for the

80 100 120 t40 160 180 set at 0=15, .1= -6r. To economize on space and yet

ENERGY (eV) give examples of the quality of the fit to experiment we
show selected experimental and theoretical spectra in

FIG. 5. Examples of bad agreement between theory and ex- three figures. Examples of very good fit are depicted in
periment. The numbers over each experimental curve are r- Fig. 3, of good and mediocre fit in Fig. 4, and of bad fit in
factor values. Fig. 5. Overall, both the mcan r-factor values and the
trsvisual evaluation concur in establishing that the agree-
the r factor defined elsewhere," which exhibited a ment between theory (for the model described) and experi-
minimum for a very slight expansion (0.01±0.03 A) of ment is very good.
d12 . Because of this almost negligible first-layer relaxa-
tion, and because study of deeper relaxations would have IV. CONCLUSIONS
involved at least doubling the number of atoms in the sur- Figure 6 shows schematically a side view of the
face layer and hence increased the computer time consid- Ni3A I IlI} structure. Second and deeper interlayer spac-
erably, all interlayer spacings beyond the first were as- ings have the bulk value (2.055 A). In the first layer the
sumed to be equal to the bulk value. However, buckling Ni atoms (three per unit mesh) are somewhat closer to the
of the first layer (i.e., out-of-plane motions of the Ni and second layer (2.045 A) than in bulk while the Al atoms
Al atoms) was tested. Different species in the first layer (one per unit mesh) are moved out 0.06±0.03 A with
were allowed to move up or down by 0.1 A in steps of respect to the Ni subplane. Thus, the termination is
0.05 A, while at the same time the distance between the essentially bulklike but with a small buckling of the top
(rigidly held) buckled first layer and the (planar) second atomic layer.
layer was varied. The r factor exhibited a minimum for a
buckling involving the Al atoms (one per unit mesh) 0.05 ACKNOWLEDGMENTS
A above the bulk value of d1 2 and the Ni atoms (ti,rec per
unit mesh) 0.01 A below the bulk d12. Thus, we find a Two of us (D. S. and F. J.) are indebted to the U. S. Of-
small but detectable buckling of the first atomic layer fice of Naval Research for partial support of this work.
with the Al atoms 0.06 A above the Ni atoms. Thanks are also due to D. Pearson (United Technology

The analysis was then extended to the non-normal- Research Center) for providing the Ni 3A ingot used in
incidence data. Calculations were made for the buckled this work.
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